Joint effects of alcohol use, smoking and body mass index as an explanation for the alcohol harm paradox : causal mediation analysis of eight cohort studies by Pena, Sebastian et al.
Joint effects of alcohol use, smoking and body mass index
as an explanation for the alcohol harm paradox: causal
mediation analysis of eight cohort studies
Sebastián Peña1,2,3 , Pia Mäkelä1 , Tiina Laatikainen1,4,5 , Tommi Härkänen1 ,
Satu Männistö1 , Markku Heliövaara1 & Seppo Koskinen1
Department of Public Health Solutions, Finnish Institute for Health and Welfare, Helsinki, Finland,1 Doctoral Programme in Population Health, University of Helsinki,
Helsinki, Finland,2 Facultad de Medicina, Universidad Diego Portales, Santiago, Chile,3 Institute of Public Health and Clinical Nutrition, Faculty of Medicine, University of
Eastern Finland, Kuopio, Finland4 and Joint Municipal Authority for North Karelia Social and Health Services (Siun sote), Joensuu, Finland5
ABSTRACT
Background and aims Lower socio-economic status (SES) is associated with higher alcohol-related harm despite lower
levels of alcohol use. Differential vulnerability due to joint effects of behavioural risk factors is one potential explanation for
this ‘alcohol harm paradox’. We analysed to what extent socio-economic inequalities in alcohol-mortality are mediated by
alcohol, smoking and body mass index (BMI), and their joint effects with each other and with SES.Design Cohort study
of eight health examination surveys (1978–2007) linked to mortality data. Setting Finland. Participants A total of
53 632 Finnish residents aged 25+ years. Measurements The primary outcome was alcohol-attributable mortality.
We used income as an indicator of SES. We assessed the joint effects between income andmediators (alcohol use, smoking
and BMI) and between the mediators, adjusting for socio-demographic indicators. We used causal mediation analysis to
calculate the total, direct, indirect and mediated interactive effects using Aalen’s additive hazards models.
Findings During 1 085 839 person-years of follow-up, we identified 865 alcohol-attributable deaths. We found joint ef-
fects for income and alcohol use and income and smoking, resulting in 46.8 and 11.4 extra deaths due to the interaction
per 10 000 person-years. No interactions were observed for income and BMI or between alcohol and other mediators. The
lowest compared with the highest income quintile was associated with 5.5 additional alcohol deaths per 10 000 person-
years (95% confidence interval = 3.7, 7.3) after adjusting for confounders. The proportion mediated by alcohol use was
negative (69.3%), consistent with the alcohol harm paradox. The proportion mediated by smoking and BMI and their
additive interactions with income explained 18.1% of the total effect of income on alcohol-attributable mortality.
Conclusions People of lower socio-economic status appear to be more vulnerable to the effects of alcohol use and
smoking on alcohol-attributable mortality. Behavioural risk factors and their joint effects with income may explain part
of the alcohol harm paradox.
Keywords Alcohol drinking, alcohol harm paradox, alcohol-related harm, causal mediation analysis, smoking, socio-
economic factors.
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INTRODUCTION
Harmful alcohol use is a major public health challenge,
leading to death and disability world-wide [1]. Lower
socio-economic groups experience greater alcohol-related
harm [2,3], despite reporting lower or similar levels of al-
cohol use compared with those of higher socio-economic
status (SES) [4]. This discrepancy between alcohol
harm and consumption is known as the alcohol harm
paradox [5–7].
The reasons for the alcohol harm paradox are still
poorly understood. Differential vulnerability, e.g. due to
joint effects of risk factors, is one potential explanation
for this paradox [8]. Smoking and obesity are more preva-
lent in lower socio-economic groups [9–11], which could
have synergistic negative effects with alcohol on the
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incidence and prognosis of the most common causes of
alcohol-attributable mortality [12].
Joint effects of alcohol and body mass index (BMI) have
been shown for liver disease [13–16] and gastrointestinal
cancers [17–19]. Common biological pathways mediating
the impact of alcohol use and obesity on liver disease in-
clude oxidative stress, lipotoxicity, hepatocellular inflam-
mation and fibrosis [16,20].
There is evidence of joint effects of smoking and alcohol
use on liver enzymes [21] and disease [22], as well as on
head and neck cancer [23,24], hepatocellular carcinoma
[25] and pancreatic cancer [26]. However, no joint effects
have been found for all-cause, cardiovascular and alco-
hol-related mortality [27,28]. In animal models, alcohol
and nicotine interact to potentiate the rewarding effects
on the dopamine reward pathway [29], providing a biolog-
ical basis for comorbidity between alcohol use and smoking
and the subsequent joint dependence observed in epidemi-
ological studies [30].
Few studies have examined the role of behavioural risk
factors as an explanation for the alcohol harm paradox
[31,32]. These studies did not explore the joint effects be-
tween behavioural risk factors. In addition, they used tradi-
tional mediation analysis (i.e. the ‘change-in-estimate
method’), comparing the change in the SES estimate after
adjusting for smoking and/or BMI. This method, however,
does not allow separation of the effects through the
mediator (differential exposure) and through the joint
effect between SES and the mediator (differential vulnera-
bility). Disentangling differential exposure and differential
vulnerability is important, as they have different policy
implications [33].
Another limitation of traditional mediation analysis is
that it cannot fully accommodate situations when the ex-
posure (SES) and mediator interact, and have limitations
when using non-linear exposures and mediators [34].
Given previous studies suggest a strong interaction be-
tween SES and alcohol use [31,35], we used novel methods
in causal mediation analysis, which allows overcoming
these limitations.
In this study we aim, first, to confirm the existence of
joint (interactive) effects between SES and alcohol use; sec-
ondly, to examine whether joint effects exist between (a)
SES, smoking and BMI and between (b) alcohol and
smoking and BMI. Thirdly, assuming that we find evidence
of additive interactions between behavioural risk factors
and/or between the mediators, we aim to use novel causal
mediation analysis to decompose the total effect of income
on alcohol-attributable mortality into a direct effect of in-
come on alcohol-attributable mortality, indirect effects
through the mediators (differential exposure) and the joint
effects of the mediators with income and between media-
tors (differential vulnerability). This decomposition allows
us to quantify the extent to which socio-economic
inequalities in alcohol-attributable mortality are explained
by behavioural risk factors and their joint effects with each
other and with SES.
METHODS
We followed the recommendations of the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) statement for cohort studies [36]. A study proto-
col (76/2017) was submitted and approved by the Finnish
Institute for Health and Welfare Biobank. The protocol is
not publicly available, and therefore the results should be
considered exploratory.
Setting and design
The design is a prospective cohort study of repeated
cross-sectional national health examination surveys in
Finland. The study populations were permanent residents
in Finland from the Mini-Finland Survey 1978–80, six
rounds of the National FINRISK Study from 1982 to
2007 and the Health 2000 Survey. We linked survey
data to mortality data with the follow-up from baseline to
December 2016 using the unique personal identifier
assigned to all Finnish residents.
Participants
Details on the national surveys used in this study can be
found elsewhere [37–39]. Briefly, the Mini-Finland Survey
(MFS1978–1980) was a nationally representative
cross-sectional survey of people aged 30 years and older.
The survey was based on a two-stage stratified clustered
sampling design. The sampling frame was the Population
Register of Statistics Finland, which includes people living
in institutions and conscripts. Participants completed a
questionnaire at home, which was reviewed by a trained
nurse, followed by a health examination by trained nurses
and physicians. Data were collected between 1978 and
1980. The participation rate was 90%. The number of par-
ticipants with complete data analysed here was 7072 [37].
The National FINRISK Study (FINRISK) was a series of
representative cross-sectional health surveys from different
parts of Finland carried out every 5 years between 1972
and 2012. We used data from 1982 to 2007. The surveys
used a stratified random sample design, taking the Popula-
tion Register of Statistics Finland as the sampling frame.
The survey covered three regions of Finland in 1982 and
1987 and five regions in subsequent years. The age range
was 25–64 in FINRISK 1982–87 and gradually extended
in different regions to 25–74 by 2007. Participants filled
in a questionnaire at home, which was reviewed by a
trained nurse, followed by a health examination by trained
nurses. Participation rates ranged from 82 to 60%, with a
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steady decline over time [38]. The number of participants
with complete data was 40 400 [38].
The Health 2000 Survey (H2000) was a nationally
representative cross-sectional health examination survey
of people aged 30 years and older. The survey used a
two-stage stratified clustered sampling design. The Popula-
tion Register of Statistics Finland was used as a sampling
frame. Participants underwent an interview at home by
trained interviewers, completed a questionnaire at home
and participated in a health examination by trained nurses
and physicians. Datawere collected in 2000–01. Participa-
tion rate was 83%. The number of participants with com-
plete data was 6160 [39].
We used a structured protocol to produce comparable
indicators for each of the health examination surveys.
Details on this harmonization procedure can be found else-
where [40].
Exposures
We used income as an indicator of SES. We defined income
as the total household income per year divided by the num-
ber of consumption units (the first adult counts as 1 unit,
other adults as 0.7 and children 0.5) and transformed
the result into quintiles within surveys.
In sensitivity analyses, we used education as an
indicator of SES. We categorized education into three levels
(basic, secondary, tertiary) based on the highest educa-
tional degree obtained.
Mediators
We examined the role of alcohol use, smoking and BMI as
mediators. We measured alcohol use by asking respon-
dents about their average weekly consumption of beer
and long drinks, wine and spirits. All surveys had almost
identical questions. We converted the number of portions
into grams of pure alcohol by multiplying by the average
strength. Given the average strength of alcoholic bever-
ages changed over time, we estimated these for each sur-
vey year using sales statistics. We created a categorical
variable with the following categories drawing upon
previous studies [32,41]: never and former drinkers, low
intake (> 0 to < 84 g of ethanol per week), moderate
intake (men 84 to < 252 g/week; women 84 to
< 168 g/week) and high intake (men ≥ 252 g/week;
women ≥ 168 g/week). In sensitivity analyses, we used
heavy episodic drinking (HED) as an alternative indicator
of alcohol use for a subsample (H2000, FINRISK 2002
and 2007, n = 18 475). We defined HED as the consump-
tion of more than five drinks per drinking occasion and
categorized it into four groups: no HED, HED less than
once a month, HED more than once a month but less
than once a week and HED once a week or more often
(see Supporting information Appendix for details).
We assessed smoking using structured questions on
smoking habits. We constructed a categorical variable:
never smokers, ex-smokers and current smokers.
We calculated the BMI as the weight (in kg) divided by
height (in m) squared. Weight and height were measured
by trained nurses using standard methods. We modelled
BMI as a categorical variable using the classification of
the World Health Organization: < 18.5 underweight,
18.5–24.9 normal, 25–29.9 overweight, ≥ 30obesity [42].
Confounders
We controlled for sex, age at baseline, survey round and
marital status as confounders. We defined marital status
as those married or cohabiting versus those unmarried,
widowed or divorced.
Outcome
The primary outcome was alcohol-attributable
mortality (hereafter alcohol mortality). We defined
alcohol-attributable mortality as deaths caused by any of
the following International Classification of Disease
(ICD) codes 100% attributable to alcohol (i.e. population-
attributable fraction equal to 1), either as the underlying
or a contributory cause of death: ICD-10 F10, G312,
G4051, G621, G721, I426, K292, K70, K852, K860,
O354 and X45 for accidental poisonings by alcohol; ICD-
9: 291, 303, 3050A, 3575A, 4255A, 5353A, 5710A–
5713X, 5770D–5770F, 5771C–5771D, 7607A, 7795A,
980; ICD-8: 291, 303, 5710, 577 (only for males) and
980. Contributory causes of death were available and used
since 1987 [43].
Statistical methods
For all research questions, we used Aalen additive hazard
models to estimate absolute effects and additive interac-
tions [44]. Additive interactions have been argued to be
of greater importance than multiplicative interactions for
public health and clinical decision-making, as they repre-
sent directly the risk differences compared to interactions
in multiplicative hazard models [45,46]. We considered a
joint effect as a deviation from additivity of the absolute ef-
fects, i.e. that the combined effects of two variables are
larger than the sum of their individual effects [45].
In additive hazard models, the hazard for the outcome
for person i and age t is modelled as a linear function of the
explanatory variables plus an unspecified baseline hazard
[47]. The effect estimate is a hazard difference interpreted
as the number of additional alcohol-attributable deaths
per 10 000 person-years at risk in the specific category
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compared with a reference category (e.g. highest versus
lowest income quintile).
To respond to the first research question, we examined
the existence of an income-alcohol additive interaction. For
the second research question, we assessed interactions be-
tween income and other mediators (i.e. income–smoking
and income–BMI) and between mediators (alcohol–
smoking and alcohol–BMI). We fitted a model with income
(S), the mediator (M) for person i and the interaction term
(S × M) [44,47]:
λi tð Þ ¼ λ0 þ α1Si þ α2Mi þ α3 S x Mð Þi þ β tð ÞLi (1)
The coefficients α1and α2are the separate additive effects;
α3 captures the additive interaction between them; and
Li denotes potential confounders [i.e. age (as time-scale),
sex, survey round and marital status]. We also fitted me-
diator–mediator interactions by including both mediators
and their product term. The different interactions were
fitted in separate models. To simplify presentation, we re-
stricted the comparison to the lowest versus the highest
income quintile (21 440 participants) and compared the
highest level of the mediator (high alcohol intake, cur-
rent smoker and BMI ≥ 30) to the reference level (never
or former drinker, never smoker and BMI between 18
and 25).
For the third research question, we used causal media-
tion analysis based on the potential outcomes framework
to carry out a three-way decomposition of the total effect
of income (i.e. lowest versus highest income quintile) on
alcohol-attributable mortality [48–51]. Specifically, we
employed a marginal structural approach method which
allows for multiple mediators and income–mediator inter-
actions [52]. The total effect of income on
alcohol-attributable mortality (Fig. 1) was decomposed
into three components [53,54]: (i) a pure direct effect
(PDE) of income on alcohol-attributable mortality; (ii) a
pure indirect effect (PIE) through each mediator M (i.e. dif-
ferential exposure) and (iii) a mediated interactive effect
(INTmed) between the mediators and income (i.e. differen-
tial vulnerability). The proportion of the total effect of in-
come on alcohol-attributable mortality mediated by each
mediator is the sum of the pathways (ii) and (iii). The total
effect (TE), which is equivalent to the association between
income and alcohol-attributable mortality without media-
tors and adjusted for covariates (i.e. a minimally adjusted
model) is the sum between direct, indirect and mediated
interactive effects.
TE ¼ PDE þ PIE M1 þ INTmedM1 þ PIE M2
þ INTmedM2 þ PIEM3 þ INTmedM3
(2)
More details concerning the structural marginal method
can be found in the Supporting information Appendix.
In all models, the time-scale was attained age. We used
standard techniques to identify time-varying effects
[45,55]. There was an indication of time-varying effects
for sex, marital status and alcohol use. Therefore, we
modelled sex andmarital status as time-varying covariates.
To obtain a coefficient, we used a survival model with con-
stant invariant effects for alcohol use and ran sensitivity
analyses for four age subgroups, where the time-invariant
assumption was met (see Supporting information
Appendix for details).
We carried out four sensitivity analyses: (1) stratified
analyses by sex, (2) analyses using HED as an alternative
indicator of alcohol use, (3) analyses using education as
the SES indicator and (4) stratified analysis by duration of
follow-up; and (5) stratified analyses by age subgroups.
We used the timereg package [56] in R version 3.6.3 for
all analyses [57]. The R markdown file can be found in
the Supporting information Appendix.
Figure 1 Causal diagram of the relations between income (S), mediators (M1 alcohol use, M2 smoking and M3 BMI), a vector of covariates (L age,
sex, survey round and marital status) and the outcome, alcohol mortality (Y). Mediated interactive effects are not depicted in the causal diagram. The
total effect is the sum of the direct effect and pure indirect effects and mediated interactive effects. For clarity, arrows between L and M2 and M3 are
not drawn. BMI = body mass index
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RESULTS
Baseline characteristics of the 53 632 participants can be
found in Table 1. During 1 085 839 person-years and a
mean follow-up of 20.3 years, we observed 865
alcohol-attributable deaths. Mean age at baseline was
47.9 years and 47.8% of participants were male. Partici-
pants in the lowest income quintile had much higher
alcohol-attributable mortality than the highest income
quintile (11.8 versus 6.9 alcohol-attributable deaths per
10 000 person-years). However, the prevalence of high al-
cohol intake was lower in the lowest income quintile
(3.7%) than in the highest income quintile (7.0%). This
indicates the existence of the alcohol harm paradox in
our data.
Table 2 shows the results of testing for joint effects
between income and behavioural risk factors. We ob-
served joint effects between income and alcohol use and
income and smoking. Joint effects of low income and
high alcohol intake resulted in 46.8 additional
alcohol-attributable deaths per 10 000 person-years
[95% confidence interval (CI) = 25.0, 68.6]. Joint effects
between low income and smoking resulted in 11.4 extra
deaths due to interaction (95% CI = 5.8, 17.0). No
statistically significant interactions were observed be-
tween income and BMI or mediator–mediator interac-
tions between alcohol and smoking or alcohol and BMI.
Given that we did not find statistically significant media-
tor–mediator interactions, we did not include them in
the causal mediation analysis.
We then proceeded to the causal mediation analysis
that enables the decomposition of the total effect of income
on alcohol-attributable mortality. The results are shown in
Table 3. The total effect of income on alcohol-attributable
mortality (i.e. lowest versus highest income quintile, equiv-
alent to a minimally adjusted model) was 5.5 additional
alcohol deaths per 10 000 person-years after adjusting
for confounders (95% CI = 3.7, 7.3). The proportion
mediated by alcohol use was negative (69.3%),
22.1% of which was attributable to the indirect effect of
income through alcohol use (differential exposure) and
47.2% to the mediated interactive effect of income and
alcohol use (differential vulnerability). In other words, if a
hypothetical intervention brought the level of alcohol use
in the lowest income quintile to the level of the highest
income quintile (i.e. to 7%), this would result in an increase
of 69.3% in alcohol-attributable deaths among those in the
lowest income quintile.
Table 1 Baseline characteristics of 53 632 participants in eight cohort studies in Finland (1978–2007) by income quintile
Income quintiles
Lowest 2nd quintile 3rd quintile 4th quintile Highest
Total participants 10 999 10 974 10 377 10871 10411
Mean follow-up, years 18.8 19.3 20.8 21.5 20.9
Alcohol deaths, n (% of all) 244 (28.2) 165 (19.1) 153 (17.7) 152 (17.6) 151 (17.5)
Person-years 206 874 211 492 216 189 233 767 217 517
Death ratea 11.8 7.8 7.1 6.5 6.9
Mean age, years (SD) 50.6 (14.9) 49.7 (14.5) 45.7 (12.4) 45.4 (12.0) 47.4 (11.8)
Male, % 44.9 46.6 48.3 47.8 51.6
Alcohol intake
Mean grams per week 40 (101.2) 45.3 (88.7) 52.6 (93.8) 60.1 (95.4) 75.3 (111.2)
Never and former drinkers, % 57.1 46.8 39.1 33.5 26.4
Low intake, % 29.5 36.5 40.9 43.2 44.5
Moderate intake, % 9.7 13.1 15.9 18.5 22.1
High intake, % 3.7 3.6 4.1 4.8 7
Smoking
Never smoker, % 54.5 52.7 51.9 52.3 53.8
Ex-smoker, % 18.4 21.5 22.3 21.9 22.7
Current smoker, % 27.1 25.8 25.8 25.8 23.5
Body mass index
Underweight, % 1.1 0.9 0.7 0.8 0.7
Normal weight, % 36.6 38.2 41.5 43.9 43.5
Overweight, % 37.8 40.0 40.5 39.6 40.5
Obese, % 24.5 20.9 17.2 15.8 15.3
Marital status
Single, divorced or widowed, % 36.9 31.3 13.7 24.3 24.7
a
Death rate is per 10 000 person-years. SD = standard deviation.
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The proportion mediated by smoking and BMI was
18.1%, 9.2% of which was attributable to the indirect
effect of smoking (differential exposure) and 8.4% to the
mediated interactive effect of smoking (differential vulnera-
bility). The indirect and mediated effects of obesity were of
opposite signs and cancelled each other. All in all, the com-
bined indirect and mediated interactive effect of all three
mediators was negative, resulting in 2.8 additional
deaths per 10 000 person-years (95% CI = –3.8, 1.8),
which partially masked the direct effect of income on
alcohol-attributable mortality (8.3 additional deaths per
10 000 person-years, 95% CI = 6.0, 10.6).
We observed similar patterns in analyses stratified by
sex (Supporting information, Table S1), but the effect sizes
for women were much smaller. The total effect of low in-
come on alcohol-attributable mortality was 0.5 in women
Table 2 Income–mediator (M) andmediator–mediator additive interactions on alcohol-attributable mortality using Aalen hazard models
Minimally adjusted model plus: Category
Additional alcohol-attributable
deaths per 10 000 person-years 95% CI
Income, alcohol use and interaction
term
Lowest versus highest income quintile 0.9 1.1, 2.8
High alcohol intake versus never or former
drinker
23.1 14.2, 31.8
Interaction lowest income × high alcohol
intake
46.8 25.0, 68.6
Income, smoking and interaction term Lowest versus highest income quintile 1.2 0.3, 2.7
Current smoker versus never smoker 7.7 4.3, 11.0
Interaction lowest income × current smoker 11.4 5.8, 17.0
Income, BMI and interaction term Lowest versus highest income quintile 6.6 4.0, 9.2
Obese versus normal weight 4.1 0.02, 8.1
Interaction lowest income × obese 4.2 9.8, 1.4
Alcohol use, smoking and interaction
term
High alcohol intake versus never or former
drinker
28.6 18.0, 39.2
Current smoker versus never smoker 6.9 4.7, 9.1
Interaction high alcohol intake × current
smoker
12.3 1.3, 25.9
Alcohol use, BMI and interaction term High alcohol intake versus never or former
drinker
38 28.4, 47.6
Obese versus normal weight 1.1 0.6, 2.8
Interaction high alcohol intake × obese 0.7 18.1,
16.7
Data are estimates of the number of additional alcohol-attributable deaths
per 10 000 person-years and 95% confidence intervals (CI). Comparison levels: income: lowest versus highest income quintile, alcohol: high alcohol intake
(men ≥ 252 g/week; women ≥ 168 g/week) versus never or former drinker; smoking: current smoker versus never smoker; body mass index (BMI): obese
(> 30 kg/m
2




Minimally adjusted model is adjusted for age (as time-scale), sex, survey round and marital status.
Table 3 Total, direct, indirect and mediated interactive effects of income on alcohol-attributable mortality after adjusting for covariates
Additional alcohol-attributable deaths per
10 000 person-years (95% CI)
Proportion explained
(%) (95% CI)a
Total effect of incomeb 5.5 (3.7, 7.3) 100
Direct effect of income 8.3 (6.0, 10.6) 151.3 (133.5, 177.7)
Indirect effect of income, combined 2.8 (3.8,1.8) 51.3 (85.0,30.9)
Indirect effect, through alcohol use 1.2 (2.0,0.4) 22.1 (43.0,7.3)
Mediated interactive effect, through alcohol usec 2.6 (3.8,1.4) 47.2 (72.2,27.3)
Indirect effect, through smoking 0.5 (0.3, 0.7) 9.2 (4.8, 16.2)
Mediated interactive effect, through smokingd 0.5 (0.1, 0.8) 8.4 (1.7, 15)
Indirect effect, through BMI 0.4 (0.1, 0.8) 7.9 (1.5, 16.9)
Mediated interactive effect, through BMIe 0.4 (0.9, 0.1) 7.4 (18.9, 1.4)
Model is a marginal structural Aalen additive hazard model adjusted for age (as time-scale), sex, marital status and survey round.
a
Proportion explained is the
ratio between the effect and the total effect × 100.
b
Total effect is the sum of direct, individual indirect and mediated interactive effects.
c
Mediated through
income × alcohol interaction.
d
Mediated through income × smoking interaction.
e
Mediated through income × body mass index (BMI) interaction.
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(95% CI = –1.4, 2.5) and 14.1 in men (95% CI = 9.3,
18.8). The indirect effect was negative for both men and
women and masked the direct effect on
alcohol-attributable mortality. In a subsample of cohorts
with HED measure, we did not observe important differ-
ences using HED instead of volume of alcohol use
(Supporting information, Table S2). Other sensitivity anal-
yses were consistent with our main analyses and did not
change our conclusions (Supporting information,
Tables S3–S5).
DISCUSSION
Our study aimed to quantify the extent to which
socio-economic inequalities in alcohol mortality are medi-
ated by alcohol, smoking and BMI and their additive
income–mediator and mediator–mediator interactions.
We confirmed the presence of the alcohol harm paradox
and showed the existence of joint effects between the low-
est income quintile, on one hand, and alcohol and
smoking on the other hand, reflecting differential vulner-
ability to alcohol use and smoking in people in the lowest
socio-economic groups. In contrast, there were no statisti-
cally significant interactions between alcohol, smoking
and BMI. The causal mediation analysis showed that the
proportion explained by smoking, BMI and their additive
interactions with income was a relatively small propor-
tion of the total effect of income on alcohol mortality.
Comparison with previous studies
We found evidence of joint effects between SES and
alcohol and SES and smoking on alcohol-attributable mor-
tality and no joint effects for SES–BMI. Previous studies
have only explored interactions between SES and alcohol
use using composite endpoints (i.e. alcohol morbidity
and mortality) as outcomes. Our results are in line with
a Danish cohort study, which found an additive interac-
tion of similar magnitude between education and alcohol
use [55]. In a Scottish cohort study, Katikireddi et al.
found evidence of a multiplicative interaction between
SES and alcohol use [31]. Another study in Scotland did
not find interactions between smoking and alcohol on
alcohol-attributable causes, although the authors sug-
gested that the statistical power was insufficient due to a
lower number of events [27].
We did not find evidence of interactions between alco-
hol–smoking and alcohol–BMI. In the case of alcohol–
smoking, this may have been due to insufficient statistical
power, as the confidence intervals were mainly compatible
with an additive interaction.
Our causal mediation analysis showed a negative pro-
portion mediated by alcohol use. The interpretation of this
negative indirect effect and mediated interactive effect can
be best understood in terms of a hypothetical intervention
that would bring the levels of alcohol use to those of the
highest income quintile [58,59]. In our case, alcohol use
in the lowest income group would increase considerably
and their alcohol-attributable mortality would thereby be
estimated to increase by almost 70%. Previous studies have
observed an increase in the hazard ratio after adjusting for
covariates in a nested Cox model. In the study discussed
above, Katikireddi et al. found an increase in the hazard ra-
tio after adjusting for alcohol use when using income or
area-based deprivation, but not education and social class
as socio-economic indicators [31]. Similarly, a Swedish
study found a very small attenuation in the hazard ratio
after adjusting for volume of alcohol use [32]. These
findings are equivalent to a negative total indirect effect
(PIE + INTmed), although in our study we were able to
distinguish the proportion explained by the differential
exposure and vulnerability (PIE and INTmed, respectively).
We found an additive interaction between income and
smoking and a positive mediated proportion of the impact
of income on alcohol-attributable mortality mediated by
smoking. Both aforementioned studies observed attenua-
tions of the hazard ratios after adjusting for smoking [32]
and smoking and BMI, but they did not explicitly study in-
teractions between alcohol or SES and these risk factors
[31]. Given alcohol use is a necessary cause of alcohol
attributable mortality (i.e. the event cannot occur in the
absence of alcohol use), the observed mediated effect of
smoking on alcohol-attributable mortality could be due
to unmeasured harmful drinking, as alcohol use and
smoking strongly correlate, or to combined effects that
were not captured by the interaction between alcohol
and smoking [60].
Strengths and limitations
Major strengths of our study include the large pooled
health examination survey data; a relatively high partici-
pation rate and a sampling frame that includes people liv-
ing in institutions and conscripts, which reduces selection
bias, and a low risk of misclassification bias in the outcome,
as death certificates in Finland are scrutinized rigorously;
31.4% certified with an autopsy [61,62]. The study capi-
talized on the rapidly evolving literature on causal media-
tion analysis with survival outcomes [63,64], allowing us
to quantify the contribution of each behavioural risk factor
and the mediated interactive effect.
Limitations include that, first, we measured risk
behaviours at one time-point only. Behaviours may have
changed, especially for older surveys with longer
follow-up times. Sensitivity analyses using different
follow-up times suggested that changes in alcohol use and
other risk factors do not greatly impact upon our results.
Secondly, we have assumed that SES precedes the
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behavioural risk factors,which is explicit in Fig. 1.However,
as our data are based on cross-sectional population surveys,
we cannot disentangle the temporal precedence of SES and
behavioural risk factors. Thirdly, we accounted for drinking
patterns only in a subsample and combined never and for-
mer drinkers into a single category. The subsample gave
similar results, and based on previous research using the
same data set the impact of accounting for never and for-
mer drinkers on socio-economic differences is likely to be
small [40]. Fourthly, we cannot exclude the possibility that
the accuracy of our alcohol use estimate differs between
SES categories. Fifthly, we used complete case analysis for
the data analysis, as we consideredmultiple imputation un-
feasible given the analytical and computational complexity
of the analyses. As a result, we excluded 11.1% of the ana-
lytical sample, which could potentially bias the estimates.
Finally, the results of the causal mediation analysis are
valid under restrictive assumptions of no income–mediator
or mediator–outcome confounding [65]. Even though we
adjusted for major confounders some residual confounding
is likely, e.g. due to adverse childhood experiences [54,66].
The method used assumes that pathways between media-
tors are not intertwined (i.e. mediators do not affect each
other), which was not the case in our data. Further, despite
recent methodological developments, Aalen hazard models
in the R program’s timereg package cannot account for
complex survey designs, and methods to incorporate
time-varying effects are still under development.
Public health implications
The public health implications of our study are twofold.
First, the results on interactions show that people in the
lowest socio-economic groups are more vulnerable to the
effects of alcohol and smokers are also more vulnerable
to die from alcohol-attributable causes. Cost-effective
universal alcohol and tobacco policies can yield greater
benefits to lower socio-economic groups, especially pricing
policies [67,68]. Targeted policies to low-income settings
could include reducing alcohol and tobacco availability
and marketing, together with policies to increase coverage
of brief alcohol interventions [69]. Secondly, these results
reinforce the need for action on social, commercial, politi-
cal and environmental determinants of health to address
differential vulnerability, rather than focusing solely upon
health behaviours [70,71].
CONCLUSIONS
People of lower SES are more vulnerable to the effects of al-
cohol use and smoking on alcohol-attributable mortality.
The indirect effects of alcohol use, smoking and BMI and
the joint effects between SES–alcohol and SES–smoking ex-
plained a relatively small fraction of the total effect of SES
on alcohol mortality. Future research should explore the
role of other mediators, such as access to health care and
psychological stress, and include longitudinal data to ac-
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